Poliovirus (PV) is on the verge of global eradication. Due to asymptomatic shedding, eradication certification requires environmental and clinical surveillance. Current environmental surveillance methods involve collection and processing of 400-mL to 1-L grab samples by a two-phase separation method, where sample volume limits detection sensitivity. Filtration of larger sample volumes facilitates increased detection sensitivity. This study describes development of a pumpless in-field filtration system for poliovirus recovery from environmental waters. Recovery of PV types 1, 2, and 3 were compared for glass wool, ViroCap, and NanoCeram (PV1 only) filters. Seeded experiments were performed using 10 5 plaque forming units of PV inoculated into 10-L volumes of secondary effluent, surface water, or a 50:50 mixture of each at pH 7.0. Filter eluates were plated onto buffalo green monkey kidney cells for virus enumeration by plaque assay. Across all water types, recovery from glass wool filters for PV1, PV2, and PV3 averaged 17%, 28%, and 6%, respectively. Recovery from ViroCaps for PV1, PV2, and PV3 averaged 44%, 70%, and 81%, respectively. 10-L samples of moderate turbidity water were processed through ViroCap filters in less than 30 minutes using a pumpless, bag-mediated filtration system. Bag-mediated filtration offers a simple, compact, and efficient method for enhanced environmental PV surveillance.
INTRODUCTION
Currently, environmental surveillance is applied as supplementary to AFP surveillance (Hovi ) . Sampling at key points along a sewer line can pinpoint a PV outbreak to a specific location (Hovi ) . Through filtration of 10 L raw sewage and ultrafiltration secondary concentration to 20 mL, as few as 25 virions can be detected per liter from environmental samples (Lodder et al. ) . In a study where 3-6 × 10 10 CCID 50 (50% cell culture infective dose) of PV1 was flushed down a toilet, PV was detectable 20 km downstream the sewer line for 4 days (Hovi et al. ) . This indicates that PV could be detected from a single grab sample if 1 in 10,000 persons were infected (Hovi et al. ) . However, this method assumes that each step of the method is 100% efficient and that wastewater flows are ∼100 liter per person per dayassumptions that are unlikely to occur in practice in areas currently endemic or subject to outbreaks (WHO ).
Current methods for environmental sampling include collection of single or composite 400-mL to 1-L grab samples, or use of a trap sampling device (e.g., a bag of macroporous glass) ( Dhole ). These methods are advantageous because they are easy to perform, but they require transport of liquid samples back to a laboratory for concentration. Further, the overall sensitivity of the method is limited by the small volume collected and concentration method employed.
If recovery efficiencies are maintained or improved, increasing sampling volume proportionally raises sensitivity of detection. However, PV sampling sites can occur in remote locations where access is limited and transport of large water volumes is difficult. In-field filtration facilitates collection of considerably larger sample volumes. However for filtration to serve as a viable option, sample collection methods must accommodate collection site limitations, including ease of access and lack of power supply. Additionally, filtration methods should be easy to use, offer high capture and recovery efficiencies, be inexpensive, and easy to decontaminate. The objective of this study was to develop a simple in-field filtration sampling system for PV recovery from environmental waters. Accordingly, a pumpless bag-mediated filtration system (BMFS) was developed and three filter types (glass wool, NanoCeram, and ViroCap) were evaluated for recovery of PV from seeded water samples of varying quality.
METHODS

Study organisms
Stocks of the vaccine strains of Poliovirus type 1 (PV1), poliovirus type 2 (PV2), and poliovirus type 3 (PV3) were prepared by confluent lysis of buffalo green monkey kidney (BGMK) cells monolayers (Sobsey et al.  
Filter media
Two filtration media were evaluated in this study, glass wool and NanoCeram ® filter media (Argonide, Sanford, FL, USA). Glass wool (Johns Manville R-11) was washed as UltraBasic pH meter. After pH adjustment, a 10-L volume of a 50:50 mixture of secondary effluent and surface water was prepared. Water was stored at room temperature until use.
Filtration
A total of 10 5 plaque forming units (PFU) of PV were seeded to 10 mL PBS, vortexed for 30 seconds, and then the entire volume added to a 10-L water sample. After thorough mixing, the sample was passed through one of the filter con-
figurations at a rate of 2 L/min. Duplicate runs for each condition were performed at a given experimental trial.
Each condition was performed on three separate experimental trials. Filters were stored at 4 W C until elution. Filters were eluted no more than 6 hours after filtration.
Elution
Glass wool filters were eluted as described by Lambertini Figure 1) .
Sampling system apparatus disinfection
Disinfection trials were performed to evaluate field based decontamination procedures for the BMFS. A total of 10 5 PFU PV1 was pipetted onto 2-cm 2 areas of the sampling bag and the PVC tubing. The areas were allowed to dry and then treated by immersion in 1% bleach for either 10 seconds or 5 minutes. Dried controls were immersed in deionized (DI) water for 10 seconds or 5 minutes. 
RESULTS AND DISCUSSION
In preliminary studies using dechlorinated tap water, the two commercially available filters out-performed the glass wool filters for PV1 recovery. ViroCap recoveries were highest averaging 64%, with NanoCeram recoveries averaging near 50%. The difference in recovery between the two commercial filters was likely due to elution volume, since each filter type contains the same filter media. In the current study, recoveries of PV1 from dechlorinated tap water by glass wool filters averaged only 32%, substantially less than previously reported. Earlier studies reported recoveries Additionally, NanoCeram filters are more difficult to use from an operational standpoint and require additional connection parts. For these reasons, the NanoCeram was not pursued for further investigations. PV1 recovery on glass wool filters ranged from 15-18%. The ViroCap filter obtained recoveries about 2 times more efficiently than the glass wool filters, similar to the variation in dechlorinated tap water.
Recoveries of PV2 using ViroCap and glass wool filters are summarized in Figure 3 . ViroCap filter recovery exceeded the recovery with glass wool filters for each water type. Virocap recoveries averaged greater than 70% across all water types. Recoveries from glass wool filters were most similar in surface water, but recoveries from secondary effluent and the 50:50 mixture of effluent and surface water were substantially lower than observed for the ViroCap filters.
Figure 4 summarizes the observed PV3 recovery results
for ViroCap and glass wool filters from the three matrices.
In each comparison, PV3 recovery was lower for glass wool than for the ViroCap filters. The difference in recoveries observed from the two filter types was most disparate for PV3. While ViroCap recoveries remained high (70->80%), glass wool recoveries were nominal (3-8%).
Recovery of PV1, PV2, and PV3 was higher in secondary effluent and mixed water than in lake water, with the exception of PV2 on glass wool filters. This is likely due to adsorption of PV onto organic matter or soil in the wastewater. Because the filters remove turbidity from water, PV adsorbed to this organic matter is likely to be captured more efficiently than the PV in water with less organic matter. The dramatic difference in recovery observed for PV1 and PV2, as compared to PV3 for glass wool filters may be related to differences in the virus surface charge between the serotypes. However, losses in recovery efficiency coincided with the purchase of a new glass wool lot.
Follow-up experiments with PV1 and the new lot of glass wool suggest that variances in glass wool lots substantially impact viral recovery (data not shown). This raises concern for interlaboratory consistency of this method. For field sampling, the BMFS coupled with the ViroCap filters was demonstrated to be an effective alternative to the use of electric pumps for filtration, and is easy to operate by a single operator. The ring's structural stability prevented the bag from collapsing upon entry to the water source. A petite operator could fill the bag with a 10 L sample volume, raise it out of the water, and hook it onto a tripod stand for filtration. In the laboratory, 10-liter volumes of surface water, secondary effluent, and primary effluent could be passed easily through the ViroCap filters with the BMFS within 30 minutes or less (Table 1) . Application of the BMFS and ViroCap filters to raw wastewater in Nairobi resulted in clogging of the filters after passage of 2-8 liters;
however, filters could still be eluted and viral recoveries were high (data not shown). This was consistent with the filterable volumes of raw sewage observed in laboratory studies (Table 1) . Debris loading in raw sewage samples is a real concern and investigations are being conducted to address this, including design of a pre-filtration/screening apparatus, redesign of the filter housing to enlarge choke points, and enlarging the bag valve. Incorporation of these aspects to the design should increase the raw sewage filtration capacity of the ViroCap filter.
The two-phase separation method currently used by the WHO provides 50-100-fold concentration of samples (WHO ). Even with filtration of only a 2 L sample (the lowest volume observed for raw sewage), after polyethylene glycol concentration of the eluate the current method results in a concentrate volume of 4 mL, a 500-fold concentration. With 10 L sampled, the BMFS sample is concentrated 2500-fold. This results in 5-500 times increased sensitivity over the currently preferred WHO method assuming similar methods of analysis. Assuming recoveries observed in this study for PV1 (∼40%), and analysis of the full concentrate volume, the current method has a theoretical detection limit of range <0.5 to 2 viruses per liter. For PV2 and PV3, which had greater observed recoveries, the theoretical detection limit of the method would be <1 virus per 5 liters.
Disinfection of the major reusable components of the BMFS (sampling bags and tubing) is summarized in Figure 5 . 
